Giardia and Cryptosporidium are the most frequent enteric protozoa causing gastroenteritis in humans worldwide. Intense recreational activity at Portuguese river beaches triggered the opportunity for a 2-year seasonal survey of 19 large river basin beaches. A total of 74 samples were collected and processed according to USEPA Method 1623 to detect Cryptosporidium and Giardia (oo)cysts. Faecal indicators (thermotolerant/total coliforms, Escherichia coli, and enterococci) and physicochemical parameters were also analysed according to the EU Bath Water Directive (BWD).
INTRODUCTION
Giardia and Cryptosporidium are the most frequent worldwide enteric protozoa causing gastroenteritis in humans and are among one of the ten major human parasites (Thompson et al. ; Smith et al. ; Sunderland et al. ) . G. duodenalis is the most frequent protozoan agent of intestinal disease worldwide causing an estimated 2.8 ×
10
8 cases per year (Lane & Lloyd ) . The annual incidence for Cryptosporidium in 2000 was estimated at 1.17
per 100,000 people (Groseclose et al. ) .
The severity of the infection caused by these protozoa has particular consequences in some groups, such as young children (Yoder & Beach ) and immunocompromised people, including a high probability of mortality (Rose
WHO to launch Guidelines for Safe Recreational Water
Environments (WHO ). Accordingly, surveys on Giardia and Cryptosporidium occurrence in swimming pools and coastal beaches have received increasing attention worldwide and a large set of international literature is now available. In contrast, river beaches have received comparatively little attention even though, according to Till et al.
(), the presence of Giardia and Cryptosporidium is recorded when these environments are assessed and the recreational use of fresh water is considered to be a risk factor among users (Schets et al. ) .
The reported outbreaks for freshwater recreational areas may have its origins in urban and non-urban runoff, industrial pollution, storm waters and human/animal-based wastewater discharges (Karanis et al. ) . The origin of the contamination depends on the contribution of different features of the surrounding area such as livestock, discharge sewage points, and land use, among others.
Since the mid-1990s, government authorities in Portugal have developed a national policy promoting recreational bathing areas in most Portuguese river basins, which now encompasses more than 90 beaches. These beaches are in high demand, particularly in countryside regions, with some of the beaches being used by 100,000 people per year. Considering that several of these areas are located in close proximity to agricultural fields, there is the potential of contamination from runoff. Also, wastewater discharges located upriver have been shown to influence the contamination potential.
Water quality control of Portuguese river beaches initially followed the EU Bathing Water Directive 76/160/EEC, which set the standards for both physicochemical and micro- et al. a) . Nevertheless, no comprehensive study was ever carried out to assess the occurrence of Giardia and
Cryptosporidium at these Portuguese river beaches. Thus, the objectives of this study were: i) to assess the occurrence and potential risk of Giardia and Cryptosporidium in river beaches and ii) to relate the occurrence of Giardia and Cryptosporidium with the mandatory profile information of the BWD.
MATERIALS AND METHODS

Site selection and sample collection
Sampling was designed based on a river basin approach. The water samples were filtered with the IDEXX filters (IDEXX Laboratories, Inc., Westbrook, ME, USA; with 3 μ size pore) using a pump and an energy supply generator.
The pump was located on the inlet side, assuring that the flow rate and pressure (no higher than 4 bar) indicated by the manufacturer was followed. Water volume filtered ranged from 10 to 110 L as water turbidity led to filter clogging and inhibited the filtration at some sites. The filters were removed from the housing, preserved in refrigerated containers, away from the sunlight, and taken to the laboratory within 24 hours, under 4 W C conditions.
The water samples for bacteriological and physicochemical analysis were collected in appropriate containers and kept in a refrigerated environment until the laboratory analysis, which was within 24 hours of sample collection.
Bacteriological and physicochemical analysis
The microbiological parameters were analysed according to 
Immunomagnetic separation
The immunomagnetic separation (IMS) was performed according to USEPA method 1623 (USEPA ). One millilitre each of 10× SL buffer A and buffer B (Dynabeads ® GC-Combo, Invitrogen, Dynal, Norway) and 100 μL of Giardia and Cryptosporidium IMS beads were added to each L10 tube. This was followed by incubation at room temperature for 1 hour with constant rotation.
The L10 tubes were then placed in a magnetic particle concentrator, and after several washes the beads were recovered in 100 μL of 0.1 N HCl. The acid suspension was divided into two 50 μL parts, and one part was transferred to a slide containing 10 μL of 0.1 N NaOH. The remaining volume was maintained at -20 W C (for future DNA extraction).
Immunofluorescence
The slides were dried at room temperature and fixed with 50 μL of absolute methanol. After drying the sample, 50 μL of 4 0 ,6-diamidino-2-phenylindole (DAPI) staining
(1 × ) were added to each sample for 1 minute at room temperature. After washing the slide with the wash buffer, the fluorescein isothiocyanate (FICT)-labelled monoclonal antibody (Aqua-Glo TM G/C Direct Comprehensive Kit, Waterborne, USA) was applied; this was followed by incubation in a humid chamber for 30 minutes at 37 W C. The slide was washed once more, and 50 μL of Evans blue dye was applied to enhance contrast and non-specific background fluorescence reduction. EPA Method assures recovery rates 50.2% ± 13.8% for
Cryptosporidium oocysts and 41.2% ± 9.9% for Giardia cysts, using the blinded matrix spike samples (McCuin & Clancy ).
Data analysis
Simple data analysis was carried out for average, standard deviation, minimum, and maximum values using EXCEL. PCA was performed after applying the Qs test to the data and the Log10 transformation to the microbiological data.
The infection risk was estimated by using the exponential dose-response model for Cryptosporidium and Giardia 
where P inf.Single is the single exposure risk of infection by each protozoan, r is the organism-specific constant (0.0199
for Giardia and 0.0040 for Cryptosporidium) and μ is the pathogen dose. Computation considered a total ingested volume of 34 mL for adults and 51 mL for children (Schets et al. ) . PCA showed that the three first principal components (X, Y and Z axis) explained 68.1% of the variance present in the original dataset (Figure 3 ). The levels of bacteriological parameters (E. coli, thermotolerant coliforms, and enterococci) and Giardia are strongly related to the principal component in the X-axis (positive end), while the physicochemical parameters (dissolved oxygen, TSS, conductivity) mostly explain the variance along the Y-axis (Figure 3(a) ). A gradient is also perceived concerning Cryptosporidium and nitrate levels since these parameters show high correlations with the Z-axis and thus seem to explain the distribution of samples along it.
As shown in Figure 3 The 1A sample (wet season first year) had a strong relationship with high values on nitrate that points to agriculture as a major source of contamination. During the wet season on the second year, beaches 8 and 9 revealed strong bacteriological and Giardia loadings, which suggest that the main source of contamination was wastewater discharge points in the vicinity of the beaches. In fact, the beach 9 area was used as a source of surface water supply but it was abandoned by the National Water Authority for this purpose during the course of the present study. This area is regularly compromised as the wastewater effluent discharges that feeds this beach system are at a high risk for faecal contamination. 
DISCUSSION
The levels of Giardia and Cryptosporidium found in this study along all major Portuguese river basins match the results found for five hydrographical river basins in the north of Portugal (Almeida et al. b) . Nevertheless the concentrations found in this study for both Giardia and Cryptosporidium are higher than those described elsewhere in the literature. This could be explained by the different focuses of these two studies: Almeida et al. (a) aimed to pinpoint the sources of surface water contamination, while the present study assumes a more intense human utilization at river beaches. Even with the low probability revealed here, the risk may be higher due to some features that were not addressed by this study. Bathers themselves could be non-point contamination sources (Graczyk et al. ) and this risk could be higher than the estimate in this study (Sunderland et al. ) . Moreover, in open waters a large proportion of the (oo)cysts can be attached to particles affecting the sedimentation velocity and that may result in accumulation of (oo)cysts in sediments (Medema et al. ) . This is particu- Portuguese river beaches present a very low risk of possible contamination with Giardia and Cryptosporidium, generally under 10 À3 , particularly during the summer season. Higher risk levels, with the concentration of Giardia cysts considered to be over outbreak levels, were only recorded at two beaches and were associated with a very rainy wet season. Nevertheless, this study showed that compliance with legal standards for bathing water quality parameters does not guarantee the absence of protozoan parasites. The high levels of E. coli and enterococci suggest that public authorities should carry out specific procedures, for the detection of Giardia and Cryptosporidium, whenever the values of those faecal indicators approaches the maximum level allowed under the EU BWD.
